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ABSTRACT
Metals in  the  plasmonic metamaterial  absorbers  for  photovoltaics  constitute  undesired  resistive  heating.  However, 
tailoring the geometric skin depth of metals can minimize resistive losses while maximizing the optical absorbance in the 
active semiconductors of the photovoltaic device. Considering experimental permittivity data for InxGa1-xN, absorbance 
in the semiconductor layers of the photovoltaic device can reach above 90%. The results here also provides guidance to 
compare the performance of different semiconductor materials. This skin depth engineering approach can also be applied 
to other  optoelectronic devices,  where optimizing the device  performance demands minimizing resistive  losses  and 
power consumption, such as photodetectors, laser diodes, and light emitting diodes. 
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1. INTRODUCTION
Optical enhancement of solar photovoltaic (PV) devices using conventional materials has previously been employed as a 
method of increasing device efficiency, though advances in this area have begun to slow. Metamaterials have shown  
promise as a  way to engineer the optical  properties  of materials by manipulating the geometric parameters  of sub-
wavelength features1.  The advent of  metamaterials has  provided unprecedented  flexibility in manipulating light  and 
producing new functionalities such as diffraction-unlimited imaging2 and lithography3, illusion optics4, optical analogue 
simulators5, 6, very low profile antennas7, 8, solar photovoltaics9, 10, metaspacers 11, and more recently quantum information 
processing12, 13. Particularly in PV, metamaterial technology offers a new degree of freedom for scientists and engineers 
to pursue enhancement of solar cells14. 
Another approach to optical enhancement called plasmonics has also been considered, which enhances light absorption 
by exciting surface plasmons, quasiparticles of electron density fluctuations confined to a conducting surface, resulting 
in light-coupled surface plasmon polaritons (SPP)25. The excitation of these SPPs result in enhanced electromagnetic 
fields which can improve the optical performance in devices such as PV devices, light-emitting diodes, perfect absorbers,  
waveguides, and others16-20. This approach to absorption enhancement shows promise for extremely thin film devices as 
the localization of electromagnetic fields in plasmonic structures confines absorption to a small volume21-23.
It  is possible to combine both metamaterial and plasmonic approaches to engineer plasmonic perfect meta-absorbers 
tailored to a specific region of the electromagnetic spectrum which exhibit “perfect”  absorbance and  greatly enhance 
optical  absorption over  the region of  interest.  These  absorbers  can  exhibit  a  number  of  optical  properties,  such  as 
broadband absorption24-29, wide angle-of-incidence absorption24, 25, 27, 29-31, and polarization-independent absorption27-30, 32. 
Despite this promise, perfect absorbers have inherent Ohmic loss (i.e., heating)9, 33, 34, which decreases the efficiency of 
the electrical conversion.
Previously,  the bulk skin depth effect has been used to exchange Ohmic losses in metamaterial absorbers for useful  
dielectric  absorption  in  PV  devices9. This  method  is  effective  in  trapping  incident  electromagnetic  waves  in  a 
semiconductor used in PV devices. Based on the observation of this phenomenon, a systematic approach to applying 
plasmonic perfect meta-absorbers and the bulk skin depth effect to real semiconductor materials is desired so that device  
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geometries can be engineered and optimized for the electromagnetic properties of the semiconductor active layer in 
photovoltaic devices.  Here we present the results of optimizing the geometric and dielectric parameters of plasmonic 
perfect meta-absorbers for application to PV and other optoelectronic devices using indium gallium nitride (InxGa1-xN) as 
an example.
2. METHODS
The study was carried out by performing electromagnetic simulations of plasmonic perfect meta-absorber structures in  
the finite element method (FEM) software COMSOL Multiphysics Version 4.4. The general two-dimensional absorber  
structure used can be seen in Fig. 1.
Figure 1.  COMSOL two-dimensional plasmonic perfect meta-absorber model.  A port  at  the top boundary of the model 
produces an x-polarized (i.e., parallel to the interfaces) electromagnetic wave normally incident on the absorber structure, 
which consists of a metallic strip, dielectric spacer, and metallic ground plate from top to bottom embedded in free space. 
The Drude model for gold was used for the metallic components. The areas separating the absorber from the top and bottom 
ports are modeled as air, and periodic boundary conditions are implemented on the left and right sides of the model. For this  
study, the thickness and width of the metallic strip in addition to the dielectric permittivity were modified to optimize the  
absorbance and tune the resonant frequency.
InxGa1-xN, which really has come under renewed interest as a candidate material of high-efficiency multi-junction PV 
devices due to bandgap engineering between 0.7eV and 3.4eV by varying the x,35-39 is used as an example. In this case a 
single bandgap material of In0.54Ga0.46N is analyzed. The structure consists of a metallic strip, spacer layer, and ground 
plate. The metallic strip and ground plate were modeled using the Drude model for gold, with a plasma frequency of  
2100 THz and a collision frequency of 19 THz. Periodic boundary conditions are implemented at the left and right  
boundaries of the model. The dielectric spacer was modeled as a lossy material with a complex relative permittivity  
given by Eq. 1:
                   (1)
Four permittivity and frequency points were considered corresponding to the  of In0.54Ga0.46N at 145 THz of 0.86 and at 
387 THz of 4.59 as given in Ref. [9]. The other two points chosen were an  of 0.86 at 387 THz and 4.59 at 145 THz. For 
each point, a reference geometry with  was selected as the starting structure to be optimized. These geometries were  
selected  to  exhibit  the desired resonant  frequency and  value.  The four chosen points  and the reference geometric 
parameters for the absorbers are given in Table 1.
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Table 1.  Real permittivity ,  frequency  f, and reference geometric  parameters  of the simulated plasmonic perfect  meta-
absorbers displaying perfect absorbance in the neighborhood of f,  where ts is the strip thickness, tg is the ground plate  
thickness, d is the dielectric thickness, w is the strip width, and L is the unit cell period.
f (THz) ts (nm) tg (nm) d (nm) w (nm) L (nm)
Point 
1 0.86 145 15 60 14 315 400
Point 
2 4.59 387 10 60 12 55 150
Point 
3 0.86 387 5 60 12 79 150
Point 
4 4.59 145 33 60 14 203 400
An example absorbance spectrum for the reference structure corresponding to point 1 can be seen in Fig. 2(a). The 
metallic structure exhibits perfect absorbance at around 180 THz, with most of the absorption occurring in the metallic 
strip.
Figure 2. Point 1 absorbance for the reference structure (a) 
and the optimized structure with dielectric absorbance (b). 
In (b) it can be seen that an absorbance >0.85 can be 
recovered in the lossy dielectric layer.
To optimize the absorbance in the dielectric layer, the bulk 
skin  depth  effect9 was  employed  while  simultaneously 
introducing  a  nonzero  loss  term   into  the  dielectric 
permittivity.  To do this, the thickness of the metallic strip 
was  increased  in  5-10  nm  steps,  and  the   value  which 
corresponded to the maximum absorbance observed for each 
strip thickness was recorded. From this information, a plot of optimum  versus strip thickness can be constructed. This 
plot for points 1-4 along with the corresponding dielectric absorbance will be discussed in detail below in the Results 
section. An example optimized spectrum for point 1 is shown in Fig. 2(b).
Figure  3. Absorbance  spectra  for  point  3  at  strip 
thicknesses t ranging from 5-40 nm. In (a), a large shift in 
the resonant frequency was observed as the strip thickness 
was varied. This shift was compensated by adjusting the 
strip width w using Eq. 2, and the results of the tuning are 
shown in (b). It was observed that the resonant frequency 
without  implementing  the  tuning  procedure  began  to 
return  closer  to  387  THz  for  higher  strip  thicknesses, 
which explains the lower w value for t = 40 nm compared 
to t = 20 nm. 
For  point  3,  tuning of  the structure was  required  due to  a 
large shift in the resonant frequency as the strip thickness was increased. To do this, the width of the metallic strip was  
adjusted to compensate for the frequency shift following approximately an LC circuit model with the resonant frequency 
of the absorber given by:
                                                                                                                                    (2)
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where L is the effective inductance, and C is the effective capacitance. The “capacitor” in the absorber can be thought of  
as a parallel plate capacitor comprised of the metallic strip and the ground plate. Therefore, increasing the width of the  
strip would lead to an increase in the effective capacitance, thereby decreasing the resonant frequency. The absorbance  
spectra for point 3 are shown in Fig. 3 in order to illustrate the frequency tuning procedure.  In Fig. 3, the LC model 
approach is used to shift  the resonant frequency of the absorber  at  higher strip thicknesses  back to 387 THz. This  
approach allowed for optimization of the dielectric absorbance for point 3.
1. RESULTS
The optimized structure parameters are given in Table 2, obtained using the optimization procedure outlined in the  
Methods section. The optimized absorbance spectra for the results in Table 2 are shown in Fig. 4.
Table 2. Optimized parameters of the plasmonic perfect meta-absorbers operating at the points in Table 1, where Amax is the  
maximum absorbance in the lossy dielectric layer. Point 3 displays the highest maximum absorbance while also requiring 
the largest . These results are further illustrated in Figs. 4 and 5.
ts 
(nm) w (nm) Amax
Point 
1 1.075 205 315 0.869
Point 
2 0.95 110 55 0.808
Point 
3 2.00 70 110 0.936
Point 
4 0.75 115 203 0.622
Figure 4. Absorbance spectra optimized for dielectric layer 
absorption corresponding to the four absorber points 1-4 
(a-d) described in Table 1. Comparing to Fig. 2(a), it can 
be seen that the metallic absorption has been transferred 
from the metallic strip and ground plate to the dielectric 
layer by introducing a nonzero  term and increasing the 
strip thickness to make use of the bulk skin depth effect. 
From  the  figure  it  can  be  seen  that  each  optimization 
results  in  a  different  maximum  absorbance  as  well  as 
bandwidth, with Point 3 displaying the highest maximum 
absorbance.
Fig. 4 shows the resulting absorbance spectra for point 1-4 
after using the dielectric absorbance optimization procedure. In the optimized absorbers, the majority of the metallic 
absorbance has been transferred to the dielectric layer, and the maximum dielectric absorbance corresponds to the 
desired frequency. The information in Table 2 and Fig. 4 is useful for designing perfect absorbers for PV and other 
applications since a “map” of the absorber and material parameters can be constructed to guide the engineering of 
absorbers that achieve the maximum possible useful absorbance for any given semiconductor material used in place of 
the dielectric layer. The map resulting from the optimizations performed in this study can be seen in Fig. 5. 
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Figure  5. Plot  of   and  absorbance  versus  normalized  strip  thickness.  This  plot  can  be  used  to  guide  the 
engineering of perfect absorbers for real semiconductor materials, with applications for PV and other solid state 
optical devices. Also, it can be seen that the absorbance converges or is very near convergence at the optimized 
for  higher strip thicknesses,  verifying that  the optimization performed does in fact  give approximately the  
highest achievable absorbance. This is explained by noting that the strip thickness is large enough for the skin 
depth to approach the bulk value and transfer nearly all of the metallic absorption to the dielectric layer.
The plot in Fig. 5 displays the optimum imaginary component of the dielectric permittivity and the absorbance of the 
lossy dielectric layer as a function of strip thickness (normalized) for points 1-4 from Table 1. For a real permittivity of 
4.59, as the resonant frequency goes from 145 THz to 387 THz, it is observed that a larger imaginary permittivity is 
required to  optimize the dielectric  absorbance.  For a  real  permittivity of  0.86, the same trend is observed,  but  the  
difference between the imaginary components required for each frequency is larger than the higher real permittivity case.  
At the same time, the absorbance for the 0.86 case is higher than the 4.59 case over the whole frequency range, but a  
larger imaginary component of permittivity is required to optimize the absorbance at larger strip thicknesses. Also, it can 
be seen that the absorbance increases with increasing strip thickness. In other words, a thicker strip will drive more of the  
absorbance into the dielectric, which is expected as the skin depth approaches the bulk value. From this plot, it can be  
determined that  a good candidate material  for this type of absorbance enhancement would have relatively low real  
permittivity and high imaginary permittivity over the frequency range of 145-387 THz (0.6-1.6 eV or 2.07-0.77 µm),  
which  corresponds  to  the  near-IR  regime.  Also,  the  imaginary  permittivity  would  preferably  be  larger  at  higher 
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frequency. The approach presented here can be also applied to photodetectors and bulk metamaterials34, 39-42 to minimize 
Ohmic losses.
2. CONCLUSIONS
The results of this study, which provided a map of  and absorbance versus normalized strip thickness provide a guide for  
engineering of plasmonic perfect meta-absorbers for optical enhancement of PV and other optoelectronic applications. In 
order to apply optimized perfect absorbers to semiconductor materials commonly used in such devices, the permittivity  
as a function of frequency can be analyzed and compared to the map developed in  here.  While  the near-IR regime 
studied here represents an appreciable amount of the solar spectrum, future work could include extension of the proposed 
perfect absorber optimization to the visible and UV regime, though it should be noted that this may be complicated by 
the appearance of higher order plasmonic modes. The presented approach can be also applied to photodetectors and bulk 
metamaterials to minimize Ohmic losses.
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